Recently, the LHCb collaboration reported the observation of the decay mode B − c → B 
with the largest exclusive branching fraction amongst the known decay modes of all the B mesons.
Here we propose a search for a few lepton-number violating (∆L = 2) decay modes of B c which can only be induced by Majorana neutrinos. Distinguishing between Dirac and Majorana nature of neutrinos is an outstanding problem and hence, all possible searches for Majorana neutrinos need to be carried out. Since the lepton number violating modes are expected to be rare, when using meson decay modes for these searches one expects CKM favoured modes to be the preferred The discovery of neutrino oscillations [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] confirming the existence of at least two non-vanishing neutrino mass-squared differences necessitates physics beyond the Standard Model (SM). In principle, neutrino mass could be simply generated by addition of righthanded (RH) neutrinos through the Higgs mechanism, but to get neutrino masses less than 1 eV, the neutrino Yukawa coupling has to be extremely small ∼ O (10 −12 ). Hence alternate mechanisms for neutrino mass have been proposed. Among these the seesaw mechanism [12] [13] [14] [15] [16] [17] provides a natural explanation of the smallness of neutrino mass. The simplest realization of the seesaw, the so-called type-I seesaw, requires the existence of a set of heavy electroweak singlet (sterile) lepton number violating (LNV) Majorana fermions, N. A typical scale for the Majorana mass m N in grand unified theories (GUTs) [13] is of the order of the GUT scale, but in general, in various other scenarios, sterile neutrinos can lie in a wide range of masses.
In particular, in low energy seesaw models [18, 19] sterile neutrinos may have mass between ∼ 100 MeV to few GeV. Sterile neutrinos have also been invoked to explain the LSND [20, 21] , Miniboone [22] [23] [24] and reactor [25] [26] [27] anomalies. A viable dark matter candidate is a KeV sterile neutrino [28] [29] [30] [31] [32] [33] [34] . Other astrophysical observations including supernovae permit sterile neutrinos mixed with active ones. While cosmological/astrophysical constraints on sterile neutrinos are strong, they are model dependent and hence laboratory searches and constraints on sterile neutrinos, particularly Majorana sterile neutrinos are rather important.
Sterile neutrinos have been searched for in the laboratory through peak searches in leptonic decays of pions and kaons [35] . The lepton spectrum would show a monochromatic line at a lower energy in presence of a heavy neutrino. These have provided tight constraints on the mixing angle of the sterile neutrino with the active ones. Heavy neutrinos have also been looked for through searches of their visible decay products. Searches for sterile neutrinos including majorana sterile neutrinos need to be performed at all possible scales, as their discovery may provide hints of the new physics responsible for neutrino mass generation.
One of the promising processes to explore Majorana neutrinos is through neutrinoless double beta decay which may be experimentally feasible due to the large samples of the decaying nuclei, however, on the theoretical side this involves large uncertainties coming from the nuclear matrix elements making it harder to extract information on neutrino properties.
The rare LNV meson and tau decays can be more accurately evaluated [36] [37] [38] and although their decay rates may be extremely small, they may be accessible with current and future high luminosity machines. In the last decade or so, many experimental collaborations, CLEO [39] [40] [41] However, for the c → s decay, it will be a Cabibbo favoured transition. Hence, the mode
+ is expected to have a larger branching fraction than the other rare lepton number violating decay modes of bottom mesons considered so far. Further, for a heavy neutrino in the mass range ∼ (0.1−0.9) GeV, it is kinematically possible for it to be produced as an intermediate on mass shell state, resulting in an additional resonance enhancement of the transition rate.
The B − c → B 0 s π − mode has already been observed by LHCb [61] . B c decays to other hadronic modes have also been observed by ATLAS [62] and CMS [63] , hence in addition to LHCb, ATLAS and CMS may also be able to perform the search for Majorana neutrinos via this B c decay mode. In the proton-proton collisions at the Large Hadron Collider, B c mesons are expected to be mainly produced through the gluon-gluon fusion process 64] . Hence, the production cross-section would be expected to increase in the 13/14 TeV run substantially. This, along with the luminosity of the order of few fb −1 in Run II, leads one to believe that searches for this rare LNV B c decay modes may be feasible.
In the next section, we give the formalism for the extension of the SM to include right handed singlets. In Sec. III, the four-body decay rate for
and the expected upper limits on branching ratios for these modes are used to obtain bounds on the mixings of the heavy neutrino with the light flavoured ones. In Sec. IV, the modes
We find that although these modes are not Cabibbo favoured, but the ease of reconstruction of the final states for these modes results in tighter possible upper limits for the branching fractions and in addition the phase space enhancement helps in obtaining tighter exclusion curves for the mixing elements.
Finally in Sec. V, we conclude.
II. FORMALISM FOR HEAVY NEUTRINO MIXING
We extend the SM to include n right-handed SM singlets along with the three generation of left-handed SM SU(2) doublets [36] :
where a=1,2,3 and b=1,2,3,...,n. In this model, flavor eigenstates ν L can be written in terms of the mass eigenstates as,
We take a phenomenological approach regarding the mass and mixing elements of the heavy singlet neutrino, taking them to be free parameters, constrained only by experimental observations. We denote by V N the mixing coefficient between the standard flavour neutrino ν ( = e, µ, τ ) and the heavy mass eigenstate N. The charged current and neutral current interactions of the leptons in the basis of mass eigenstates are given by:
where
, ψ c is the charged conjugate, g is the SU (2) L gauge coupling. The diagonalized majorana mass terms for the neutrinos can be written as:
A. Evaluation of the four-body decay rate
For the four-body decay
, where 1 , 2 = e, µ, only schannel diagrams shown in Fig.1 contribute. Hence, the Majorana neutrino N that induces this LNV process can appear as an intermediate on mass shell state, leading to an enhancement of the decay rate. Note that the second diagram( Fig.1(b) ) arises from the exchange of the two leptons. We assume that there is only one Majorana neutrino, that lies in the range, between ∼ (0.1 − 0.9) GeV that kinematically allows it to be on mass shell. Moreover, being much heavier than the active light neutrinos, the cosmological and LEP bounds would imply that such a neutrino would have to be necessarily an electroweak gauge singlet or sterile. The decay amplitude for the processes depicted in Fig.1 can be expressed as,
where we can write the leptonic part as,
where G F is the Fermi coupling constant, V i N (i=1, 2) are the mixing elements between the neutrino of flavour state ν i and mass eigenstate N and Γ N is the total decay width of the heavy neutrino N, obtained by summing over all accessible final states. The hadronic tensor is a product of a transition matrix element of B c to B s , and a matrix element for the production of a pion:
where V cs , V ud are the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements. The above two hadronic matrix elements can be written as,
s transition form factors and f π is the decay constant of pion. In terms of these form factors and decay constant, we can write the amplitude M as,
The form factors for
s have been calculated in the framework of 3-point QCD sum rule in Ref. [65] . The q 2 dependence takes a simple pole form:
where F + (0) = 1.3 and F − (0) = −5.8, and M p = 1.7 ÷ 1.8 GeV. The accuracy of the sum rules used is determined by the variation of various parameters. It is claimed in [65] that these variations result in Although the heavy sterile neutrino N is a SM singlet, it can decay via charged current and neutral current interactions, due to its mixing with the active neutrinos as is evident from the Lagrangian (2). The total decay width Γ N is given by:
In the mass range, which permits the heavy neutrino to be resonantly produced in the
can be e or µ, while can be e, µ or τ , charged pseudoscalars (P + ) that can contribute are π + and K + , while π 0 and η are the contributing neutral pseudoscalars (P 0 ), the charged vector mesons (V + ) will include ρ + and K * + and the neutral vector mesons (V 0 ) that need to be included are ρ 0 and ω 1 .
The detailed expressions for the decay rates for each of these channels can be found in
Ref. [36, 38] . to contribute, provided is either e or µ; for = τ the mesons can only be π + ,
Additional contributing neutral pseudoscalar mesons are: η and η c while, φ and J/ψ are the heavier neutral vector mesons that can also be produced in the decays of N.¯ 1 or¯ 2 can now also be a τ . 
We have re-evaluated Γ N using the meson masses and decay constants from Ref. [66] , in the relevant mass range for the B c decay modes considered here and write it in the form,
where, a e , a µ and a τ are functions of the Majorana neutrino mass and hence will differ from mode to mode. In Fig. 2 , we plot the decay width Γ N as function of mass m N , for the
1 Note the V 0 cannot be K * 0 (or any other open flavour neutral meson), as the ν V 0 arises from a NC interaction, K * 0 can then only be produced via a flavour changing neutral current, which is not possible at tree level. We differ on this point from Refs. [36, 38] . The unitarity condition in eqn.
(1) implies the following constraints on the mixing ele-
where U ei , U µi , and U τ i , i=1,2,3 are the PMNS matrix elements. Using the 3σ ranges of the PMNS matrix elements obtained from a Global analysis of neutrino oscillation data [67] , we calculate the bounds on
to be:
The 3σ ranges of the PMNS matrix elements of Ref. [67] are consistent with those obtained by a study of unitarity of the neutrino mixing matrix in [68] . Fig. 3 displays the heavy neutrino decay width without any assumptions, and using the maximum values for | V N | 2 , = e, µ, τ permitted by unitarity and global fits to neutrino oscillation data. For the mass range of our interest, Γ N is very small, O (10
and even smaller for more realistic values of these mixing angles. Due to this narrow decay width of N , the two propagators for N, in equation (8) can be written as,
Moreover, in the narrow width approximation the two channels contribute as a sum to the total decay width, as the interference term is neglegible.
Most of the earlier studies of LNV meson and tau decays have focused on three-body decays. A few more recent phenomenological studies [60, [69] [70] [71] [72] of four-body LNV processes have also been performed, including an experimental search through the mode [73] . The particular four-body B c decay mode being considered here has the advantage of being Cabibbo favored and hence enhanced.
To calculate the four-body phase space required for evaluating the decay rate
, the final particles can be partitioned into two subsystems X 12 and X 34 , each of which subsequently decays into a two-body state.
Hence, the four-body phase space integral is decomposed into a product of three two-body phase space integrals:
where The four momenta k 1 , k 2 (k 3 , k 4 ) are first evaluated in the X 12 ( X 34 ) rest frame. To finally evaluate the decay rate in the B c rest frame, it is assumed that X 12 moves in the +ẑ direction and X 34 in the -ẑ direction and the resultant boosted explicit form of all the four momenta in the B − c rest frame are also given in the appendix. Alternately, rather than calculating the full 4-body kinematics to evaluate the decay rate, the narrow width approximation can be used to evaluate the decay rate as a product of a 3-body decay rate and the branching ratio for decay of N to a 2-body mode, as specified below:
In Fig. 4 , we show the curves corresponding to
, as a function of the heavy neutrino mass, m N . The regions below the curves are theoretically allowed. For this calculation, Γ N is evaluated, either under the assumption that has been frequently used in the literature [36, 38] Using the matrix element in eqn. (8) and the narrow width approximation, eqn. (14) the LNV branching ratios can be written as:
where, G ee and G µµ are functions of the Majorana mass and depend on the explicit matrix element and phase space for each of the processes. When both the like sign dileptons in 
where, we use the notation that the first lepton is produced along with the N , while the second lepton is produced in the decay of N ; G eµ (G µe ) are again functions of the Majorana mass and vary with the explicit matrix element and phase space for each of the processes. Now, defining,
where B exp are the expected experimental upper limits of the Branching ratios, we can obtain the constraints:
The upper limits on the B exp in eqn. (21) can be very simply translated into the upper limits
This leads eqn. (21) to result in the constraints,
According to Ref. [74] at the LHC with √ s = 14 TeV, the beam luminosity and production cross-section will be high enough that the rate of producing B c events can be 10 again shows that these bounds could provide very tight constraints in a small range of m N , beyond that excluded only by peak searches in K meson decays, which is otherwise so far unconstrained.
We wish to point out that our constraints cannot be directly compared with that in Ref. [77] , as their possible at future high energy colliders, much stronger upper limits on the branching ratios would be possible, which would result in more stringent constraints on the mixing elements.
IV. OTHER B c DECAY MODES
Although the modes B 
The diagrams contributing to this decay mode are shown in Fig. 8 . The leptonic tensor in the amplitude will have the same form as that in eqn. (5), while the hadronic tensor can be written as:
Here, the hadronic matrix element of the weak current in the B − c → J/ψ transition in terms of the vector and axial-vector form factors is given by,
where, − have been estimated using QCD sum rules in Ref. [65] , with the values from zero recoil evolved with the pole dependence: enhancement, we only include the dominant contribution of Fig. 9 (a) (including that for the two leptons exchanged). The large mass difference between that of B c and π meson allows both final leptons to be taus also. With only pion and electrons/muons as the final state particles, this mode should be easy to reconstruct, however, for the case of one or both of the leptons being a tau, the reconstruction will involve accounting for the tau branching fraction to the final state through which it is seen. The even wider range allowed for the heavy neutrino mass, also allows upper limit on | V τ N | 2 , which is unconstrained by any of the τ or other meson decays.
In Fig. 10 
Note that | V τ N | 2 is very loosely constrained, with some limits from CHARM [78, 79] , NOMAD [80] and DELPHI [81] In each of the above studies the Majorana sterile neutrino produced in the B c decay is assumed to propagate as a real particle and then decay after a certain distance from ∼ 10 −9 . Notation regarding the ordering of the leptons is the same as that described in Sec. III the production point. In the exclusion limits obtained on the mixing elements above, we assumed an idealized detector, where this distance lies within the detector length and hence the probability of this production and decay of the heavy neutrino within the detector is unity. In practice one may need to introduce a more realistic probability factor, which could possibly weaken the constraints on the mixing elements. Estimation of this effect will depend on the specific experimental set up, the momenta carried by the heavy neutrino which would depend on that of the decaying B c meson etc. Hence this can be properly incorporated only by the respective experimental collaborations in their data analysis. In fact, LHCb has indeed accounted for this in their analysis of a few LNV B decay modes, for a Majorana neutrino of mass of 2 − 3 GeV [73] . 
VI. APPENDIX
To describe the kinematics of four-body decays, five independent variables are required.
We choose the independent variables to be, M 
φ is the angle between the normals to the planes defined in the B c rest frame by the 
